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Raman spectra of solid isotopic hydrogen mixtures
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Rotational and vibrational Raman spectra are investigated for mixtures of hydrogen isotopes in the solid
phase. The §§0) rotational Raman transitions are asymmetrically broadened in energy for each isotope in the
mixture compared to their respective pure component transitions. The isotopic energy shifd ob&aks the
lattice symmetry and limits the roton hopping responsible for the well defigé@l) Sriplet found in the pure
component. The §%0) line shapes of tritiated and nontritiated mixtures are nearly identical, and shows there is
little effect from radiation damage. The vibrational,(Q) lines are shifted to higher energy, and the
Q1(1)/Q,(0) intensity ratio is decreased in the mixtures relative to the pure component. Both effects are due
to a localization of the vibrons in mixtures.

DOI: 10.1103/PhysRevB.67.174101 PACS nuntder78.30.Hv, 33.20.Vq, 33.20.Fb

[. INTRODUCTION the solid. However, the spectra of the mixtures do differ from
those of the pure component hydrogens.

Hydrogen forms a molecular quantum solid at low tem- The notation of Souet8 is followed in this paper, with
peratures which has engaged a great deal of interest throug@ny of the six diatomic combination of H, D, and T atoms
out the last century and continues today. The many researdgferred to as hydrogen and referring to specific isotopic
areas studied include anisotropic interactibrfs,matrix ~ combinations when required, i.e., HHD. H-D will refer to
impurities®’ rotational diffusiorf and pressure effecis’t  mixtures of H, D,, and HD. The Raman spectrum for the
on the rotational and vibrational Raman speéfta’® Re-  rotational transitions §0) and $(1) and the vibrational
search continues to focus on hydrogen in high pressure arfgansitions Q(0) and Q(1) of hydrogen relevant to this
fusion energy research, both of which may use the Ramapaper are reviewed first. These results for pure hydrogens
spectra as a diagnostic. The National Ignition Facility in par-provide the basis for understanding the observed spectrum in
ticular will use an isotope mixture of 25%-50%-25% mixtures. Sections Il and IV compare mixtures of H-D and
D,-DT-T, (D-T) in high-gain fuel capsule¥. The rotational ~D-T with pure component samples.

Raman spectrum provides one measurement of the isotope
concentrations in the fuel lay&t®” While the Raman
spectra of single isotope hydrogen solids are well known,
those of mixtures, particularly with tritium, have received Only the rotational J= O ground and J= 1 metastable
less attention. states are populated in the low temperature and pressure

Properties of the hydrogen molecules in the zero-pressurgolid hydrogen$:*® Neighboring J= 1 molecules in H, D,
solid are not too different from those of the free and T, solids interact via their magnetic dipolénd electric
molecule$® The weak intermolecular interactions do not quadrupoles for B) thus decoupling the nuclear spins and
mix rotational energy states; hence the rotations are free argnhabling conversion from the metastable=J1 state to the
Jis a good quantum numbekJ=2 is first allowed rota- J = O state'>**~*The conversion rate is slow enough to
tional transition for homonuclear molecules. The fivefold Jpermit treating J= 1 and J= 0 molecules as separate spe-
= 2 degeneracy is lifted and the rotational states are broadies.c(J), the concentration of molecules in rotational state
ened into an energy band by the crystal field interactiond, is determined from thAJ=2 allowed Raman transitions
Similarly, the molecular vibrational states are weakly per-S(0) and (1) of the homonuclear molecules as follows.
turbed by the intermolecular interactions, also forming aThe scattering intensity fakJ=2 is calculated to be propor-
band in the solid. The rotational and vibrational Raman spectional to the number of molecules in the initial rotational

A. Review of rotational Raman spectrum

tra probe the respective energy bands in the solid. stateJ, N(J), according t&
Radiation damage in D-T results from the beta decay of
the triton’® The mean decay energy of 5.7 keV goes into
ionization, dissociation, molecular excitations, and the heat [ 10¢N(J G+D0+2) 2 1
L] ] y - oC _—_— .

ing of the solid. The free atoms created by the beta decay
were shown to convert 3 1 molecules as the atoms rapidly
hop through the lattict?~?! Hence, the J= 1-to-0 conver- The anisotropic polarizability matrix elementg/|a;_ | )

sion proceeds much faster in D-T than in nontritiated hydro-and (#|a;-,|¢) differ by less than 1% for K molecules,
gens. The effect of radiation damage on the rotational anavhile the H, and D, isotope polarizabilities differ by 49%.2’
vibrational bands was studied using infrared spectroséopy, Further, there is no phonon interaction because the rotational
but no work has yet explored the Raman spectrum. Thi¢ransition energies of the hydrogens are larger than their
paper shows that there is little change in the rotational andebye temperatures. Hendéé(1)/N(0) is obtained from the
vibrational Raman spectra due to tritium radiation damage teatio of the scattering intensitie§JI= 1-3)/I(J = 0-2) as'®
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N(J=1) 51J=1-93 rigid lattice, with the details of phonon renormalization
N(J=0) 31(J=0-2)" (2)  available® Crystal field interactions modify the above ener-
gies as described below.

The isotopic concentrations in hydrogen mixtures are ob-
tained from the Raman intensities by scaling appropriately

2. Crystal field terms

according to the anisotropic polarizabiliti&sThus, the rota- The crystal field terms are due to the interaction of the
tional Raman spectrum provides the concentrations of thanisotropic potential of the & 2 molecule with the isotropic
isotopes and rotational states. part of the neighboring & 0 molecules. The potential is

The electric quadrupole-quadrupolEQQ) and crystal expressed in the crystal reference frame withzlagis along
field interactions in the solid couple hydrogen molecules andhe hexagonat axis as
partially lift the degeneracy of the five; Sy(0) transitions.
The resulting Raman spectrum is a well defined tripdietu- _
blet) for pure H, or D, with less tharc(1) = 5-10% in the Ve= |:22,4 €inYin(®), ©
hep (fco) lattice®1%28 Both interactions are reviewed, since n=-1
they provide a basis for understanding the Raman spectrumherew is the orientation of the molecule in the hcp lattice,
of hydrogen mixtures. Y\, is the spherical harmonic, and the coupling constants are

given byt
1. EQQ interaction

The EQQ interaction couples the 3 2 excitation to en=> 9(R)YE(ai,By). (7
neighboring J= 0 molecules, enabling the excitation to hop i
through the lattice. A rotational exciton band results, with theHere,g(Ri) is the radial part of the potentiaR; , «; and 3,
allowed energies dependent on the lattice structure. Vafster tg the coordinates of the centraJ2 molecule point-
l_(ranenglonk provided a solution to both the fcc and hcp Iat-Ing to the neighboring & 0 molecules, and the sum is over
tices using Bloch's theorem. The allowed energy St&9 )| molecules in the crystal. All of tha#0 terms are zero
with roton waqve function amplitudén(k) of the hep lat- gye to the point symmetry of the single component hcp lat-
tice are the solutions to the 10x10 secular equafigg. tice, and|2m) states are not mixed.
(4.43 in Ref. g For any given configuration of fHor D, molecules in the

lattice the crystal field energies can be calculated by diago-

lizing th tential ding t
zn: Hinn(K)An(K) = E(K)An(K). 3  "alizing the potential according to

E=(2m|V¢|2m). (8
The _fcc gxpressi_on_ is similar and not presented here. Thepa sum in Eq(7) drops off quickly withR; and only the
Hamiltonian matrix is defined as first few shells of neighbors need be considered. The solution

for the crystal field energies dre

Hm,nzz <2vai|VEQQ|2n’Rj>:GOZCmnSn—ma (4) 2 1
) Ec(2m)=— 7Cm62c+ Zamemw 9

Vilh\/eLe ioz Ir: the (.quidrl-Jpole coupling constant angh, oo an, are as defined for the EQQ interaction and,
= 70( 1) C_(224,mn)_ incorporates the CIebsch-Gordon =1, c.;=—1/2, co=—1. Hence, a non-zere,, leads to
coefficient.R; is the position of théth molecule. The lattice unequal values of\;=Sy(0)+,— So(0)~; and A,=S(0),
sums are expressed as —$(0).,. The measured difference &f, andA, originally
measured by Bhatnagdris 0.03 cnt* for H,, small com-
5) pared toA;=2.01 cm 1. This early measurement is consis-
tent with more recent high resolution methdds? The e,
term has the same symmetry as the EQQ interaction, but is
whereC,,(Q) is the Racah spherical harmonR, and(2, ~ negative in sigr? Hence, the triplet spacing is reduced from
are the distance and angle to the molecular gjtandR, is  the EQQ hopping calculation.
the nearest neighbor separation. The point symmetry of the The above results are valid for hydrogens wi(f1) less
hcp lattice makes the lattice sum nonzero only wlenO. than a few percent. They®) line is broadened and the
The approximation ok=0 is made in Eq(3) since the wave triplet is unresolvable abowe(1)=20% in D,.*° In contrast,
vector of the excitation is small compared to the lattice spacHardy et al® studied the rotational Raman spectrum of H
ing. The eigenvalues of E¢3) are the five Raman allowed and D, with very low ¢(0) in a J= 1 lattice. In this case, J
energy states that have three distinct energiess 0 molecules are the impurities. They found thg(® m;
0.90%y.,2,,(4), wherea.,;=—4, a.,=1, anday=6, and energies, listed in Table I, were consistent with B&3 lat-
the factor of 0.903 is the resulting value of the lattice $um. tice symmetry for the the ordered lattice at 1.16 K, with an
Hence, the rotational spectrum in a hcp lattice consists obrdering of them; components that differs from the hcp
three equally spaced lines. The above derivation assumeslattice. However, the §0) line is broad and asymmetric in

S,=>
p

C4 \(l ’
R M p
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TABLE I. Solid phase §0) energies. The first nine are measured in this work while the last four provide reference wajuEs.
identified only when known.

Isotope Composition Position FWHM Splitting %J Temp.
(cm™) (cm™) (cm™) (K)
H, 12%H,-88%D, 352.8 3.0 <5 8.5
355.3 1.8 25
357.9 3.4 2.6
D, 100% D, m,,=177.1 1.0 <1 12.5
m.,=179.6 1.0 2.5
my=182.1 1.0 2.5
D, 12%H,-88%D, 177.4 29 <5 8.5
179.8 25 2.4
182.3 25 25
D, 23%H,-77%D, 177.4 4.1 <5 8.5
180.0 3.8 2.6
182.3 3.8 2.3
D, 77%H,-23%D, 177.2 3.0 <5 9.2
179.5 1.3 2.25
182.2 3.8 2.7
D, 46%H,-38%HD-16%D0 176.5 29 <5 7.5
178.8 1.1 2.3
181.8 29 3.0
D, 29%H,-51%HD-20%D0 176.1 2.6 <5 8.0
178.4 1.4 2.3
181.8 3.5 3.4
D, D-T <2 10.2
CM - 178.8
peak - 176.8
T, D-T 116.3 2.2 <2 10.2
118.8 2.2 25
122.7 4.2 3.9
H, 100% H, m.,=351.84 0.6 <1 2
(Bhatnagaret al.) (Ref. 30 m.,=353.85 0.6 2.01
my=355.83 0.6 1.98
D, 100% D, m.,=176.8 2 20 2
(Bhatnagart al.) (Ref. 30 m..,=179.4 2 2.6
my=182.0 2 2.6
D, 100% D, m.,=176.61 2 ?
(McTagueet al) (Ref. 39 m.,=179.17 2.56
my=181.75 2.58
D, 100% D, my=172.15 98.8 1.16
(Hardy et al) (Ref. 16 m.,=174.75 2.6
m..,=181.33 6.58

the disordered lattice at 4.1 K, with the asymmetry attributedspecies. First, all heteronuclear molecules are in the
to the short-range order of 3 1 molecules. Similarly, the J = 0 state in the low temperature solid because the nuclei
S(1) line was continuous and broad for the disordered latare distinguishable. Second, the measureg0F5 line
tice, but reduced to several resolvable modes for the ordered broader for pure HD than either ,Hor D, with
lattice. Their interpretation of the lines was disputed by lga-c(1)<2%. McTagueet al®* showed that the HD §0) line
rashi, who claimed the libron interaction Igads to a differentygg composed of three polarization dependent peaks corre-
energy structure than Haragt al. predictedt sponding to tham, states; however, the linewidth was about
5 cm ! for each HDm; state compared to 0.6 crh for
H,.%® They attributed the linewidth to lifetime broadening

The rotational Raman spectrum of the heteronucleadue to the allowedAJ=1 transitions of the heteronuclear
molecules HD and DT is different from the homonuclear molecules.

3. Heteronuclear molecules

174101-3
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B. Review of vibrational raman spectra and mounted to the cold finger of a liquid helium cooled
cryostat. The H, HD, and B, mixtures were deposited di-
diectly on the sapphire window. Germanium resistance ther-
energies of the & 0 and J= 1 molecules differ slightly due mometers monitored the cell temperature and provideql f_eed-
to the stretching of the & 1 molecule€° Additionally, the back for the temperature controller. Temperature variations

Q1(0) and Q_(l) energies both depend 0(]1),3’35the solid were =10 mK over minuteS, with slow drifts of up to
densitv®3¢ and the lattic®:537 +200 mK over the course of a day. The 488 nm line of a

The Q(J) energy dependence ar{1) reveals the cou- Spectra Physics 171 Arlaser excited the sample. The back-
pling of the molecular vibrational states. The frequency shifScattered light was passed through a Kaiser Optical HSNF

for both density anat(J) from the respective gas phase line 488-1.0 holographic notch filter to remove the Rayleigh scat-
:8,36,38,39 tered light then dispersed by a Spex 1403 double mono-

'S chrometer. The spectrometer gratings were 1800 lines/mm
Vo\? blazed for 500 nm. The Raman signal was detected with a
AV(J)ZAVo(J)—GE(V> c(J), (100 Princeton Instruments liquid nitrogen cooled CCD camera
with a 1152<256 array of 22.5um square pixelsc(1)
whereV is the solid molar volumeY,, is the zero pressure could not be determined below 4% in D-T because tf@ B
solid molar volume, ana vy(J) is the single molecule cou- signal was small compared to the CCD background noise.
pling. The first term in Eq(10) is due to the isotropic inter- The pure vapor phase,D5,(0) transition was used to
actions in the solid and the second is the vibrational couplingalibrate the optical system as it could be added around the
term. Vibrational energy bands are formed by the couplindD-T shell to provide an in-place calibration of the entire
and allow the excitation to hop to neighboring molecules.optical system. The spectrometer dispersion was found to be
However, the coupling is only between molecules with thep.21 cm® per pixel for the rotational lines and 0.15 ¢
sameJ because the energy differena®;=Q;(0)—Q.(0)  per pixel for the B vibrational lines. The maximum spec-
IS nonzero. trometer entrance slit width was 3om.

The intensity of the @J) lines are strongly dependenton  The solid was frozen quickly through the triple point and
c(1) in pure B and D,.*****There is an enhanced inten- resulted in a randomly oriented multicrystalline sample, H
sity of the lower energy (¥1) line because, classically, the HD, and D, were mixed in the vapor phase, then condensed
vibrating J= 1 molecule drives neighborings 0 molecules  onto the substrate. The solid pressure, temperatureg@nd
below their vibrational resonant frequer?cy'.l'hus, the were such that the hcp phage is preferred for purei-D,.

The lowest vibrational transitions;QJ) are Raman active
modes studied extensively over the years. The vibration

Q1(1)/Q,(0) intensity ratio is described by However, the lattice structure was not experimentally deter-
mined for the mixtures, nor could it be inferred from the
Qu(1)/Q1(0)=¢€lc(1)]e(1)/c(0), (1D S,(0) line shape. Botle(1) and the isotope ratio was deter-

where¢[c(1)] is the concentration dependent enhancemenfined from the relative rotational line intensities according
factor>® James and Van Kranendonk initially used ato Eq.(2). H, and D, samples with lowc(1) were prepared
coupled oscillator and interacting impurity model to calcu-by keeping the samples in liquid helium cooled storage beds.
late £[c(1)].2 The enhanced intensity was later successfullyThe J= 1-to-0 conversion took place over several weeks. It
described by the coherent potential approximaffoBoth ~ was previously shown tha{(1) reaches a minimum value of
models show that the small energy differedd®; is respon-  0.5-1% in D-T due to beta-particle interactidfts.
sible for £[c(1)]>1. The D, enhancement of about 50 is
greater than the fvalue of about 4 forc(1)~0 because
AQ;=3.5cm ! for H, compared to 0.8 cm* for D, is [ll. ROTATIONAL LINES
smaller for D, than H,.23840

Brown and Danief$found that the vibrational transition
was dependent on the isotope concentration feiH®-D,
mixtures. The transitions were shifted to higher energies a d hei . " ies. T d
the H, was diluted by the other isotopes by as much as 2% al ased on their respective transition energies. T&{E), an

. . e $(0) lines for each isotope in the mixture are readily
about 300 kbar. Assuming that our hydrogen mixtures fOIIOWmeasured. Shortly after freezing, when a significant 1

population exists, the B T, and DT $(0) lines are broad
and their respectiven; components cannot be resolved, as
shown in the bottom trace of Fig. 1. This observation is
consistent with previous measurements of thgd¥ lines for
pure component Hand D, with ¢(1)=20% 53° The ob-
Our samples consisted of a single D-T mixture and sevserved lineshapes for the D-T mixture at withl)=<15%
eral compositions of 5} HD, and . The D-T sample was Were not expected, and are very different from the single
an 800.m diameter glass shell filled with 25 atm of D-T gas component results. Figure 1 shows thg@® lines for T,
at room temperature, giving>310~7 moles of D-T. The ex- DT, and D in D-T for decreasing(1). Atriplet is evident
perimentally determined D-T isotopic concentration was 29for the T, $(0) line whenc(1)y,<10%. However, the P
51-20 B,-DT-T,. The shell was glued to a sapphire window S,(0) line remains broad and asymmetric fo(l)Dzsl

The rapid decay of the & 1 population in D-T enabled a
measurement of the D-Ty®) line shapes wittc(1). The
So(J) lines are easily identified for each hydrogen isotope

a simple scaling law, then-Hn the H-D experiences a lattice
density equivalent to 200 b& Brown and Daniels measured
almost no energy shift at this pressure.

II. EXPERIMENT

174101-4
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DA ‘D/J\L\Cﬁ

165 170 175 180 185 190 195 340 345 350 355 360 365 370
m Raman Shift (cm")

1000 110 120 130 ;:gqanli?ﬂ(cﬁ% 170180 190 200 FIG. 2. The B (left) and H, (right) Sy(0) transitions for in-
creasing H concentration. The triplet structure of both isotopes is
FIG. 1. The $(0) transitions in D-T for each isotope as the broadened as His increased. The amount of,Hn the sample is
J = 1 population decreases. The transitions correspofiidm left (bottom to top 0%, 12%, 23%, 31%, 45%, 59% and 77%.
to right) T,, DT, and D molecules. The Jline shape is a triplet at
the latest times, while the Dretains the asymmetric shape. The FWHM values. While the FWHM of the PS;(0) compo-
time since cooling from 77 to 6.0 K ibottom to top 0.4, 3.0, 6.1, nents increases compared to the 0% and 12¥s&inples,
and 13.2 h. The top curve was measured after 77 h at 10 K. the peak positions are not significantly shifted compared to
the pure component. In contrast, the B,(0) lines in the
—2%. The DT line is broad and nearly symmetric, similar to 779 H,-23%D, mixture are significantly shifted in energy
pure HD $(0) lines>* but with a few subtle differences that compared to the samples with, & 23%.

Intensity (normalized)

Intensity (normalized)

will be described shortly. Similarly, the B S,(0) line is composed of a triplet for
the lowest concentrations of ,Hn D,, but the triplet be-
A. Comparison of the homonuclear isotope §0) transitions comes unresolvable between 23% and 31% The posi-

D, was the common isotope in both the tritiated D-T andtions and FWHM values were again obtained by fitting to a

the nontritiated H-D mixtures. It is instructive to compare theSUM of three Lorentzian lines, and are listed in Table |. As

D, $S(0) line in both mixtures to §0) of pure B. As with D, gnd B .the H S(0) m,; components are much

previously described, the,@) m, lines of J= 0 D, are split  Proader in the m|x:judredthanhfor pureH o

into a triplet for hep lattice and a doublet for fec lattice, with  'N€Xt, HD was added to theaD, mixture. The 3 S(0)

the triplet structure resolved whar{1)=<20% 3° However, tnplet_re-_e_merges, as shown in Fig. 3, but the lines are broad

the D, Sy(0) triplet is not observed in D-T, even witt(1) an(_j _S|gn|f|cantly Sh'“‘?d In €nergy compar_ed to puge Dhe

less than 2-4%. Instead, thg(8) line has a full width at half splitting O.f t'he three lines is not symmetric about' the center

maximum(FWHM) of 9.0 cm L and has a long, high energy ENergy. similar to the 75,(0) lines in D-T. The H lines do

tail whenc(1)<2-4%. The low energy peak is less pro- not shovr\: any eV|dIence %f atrgplet, b(tjjtfmsiéead have an asym-
; A _ metric shape similar to that observed foy I D-T. Between

nounced and the FWHM is 1.1'5 c_rh Wlt.h.c(l)Dz _ 33%. each step, the gas was warmed up to the vapor to ensure

In contrast to D, the T, Sy(0) line did split into a triplet for

o X , ) mixing of the hydrogens. Hence, the crystal orientation,
¢(1)r,<10%. However, the Ftriplet in D-T is not neces-  gj s "and number are likely very different from case to case.

sarily associated with the hcp lattice structure. Whereas thplowever, the lines are qualitatively similar in all cases.
m; splitting is the same to within 0.02 ¢ for pure H, and
D, samples®®* the T, $,(0) lines are 2.5 and 3.9 cm VA -
below and above the center peak respectively. “w-t/m\f\w,a« H,/\m
The (0) lines of H-D, mixtures withc(1)<5% are
shown in Fig. 2. The B Sy(0) line is split into the expected
hcp triplet when no H is present. Adding K broadens the
D, line, with the triplet becoming unresolvable when the
sample contains 23% A triplet is again resolvable when

the D, is strongly diluted by 77% K Table | lists the peak M,./\\M\\W —‘/\*—
positions and FWHM values for each of thg(8) compo-
nents determined by fitting,80) to a sum of Lorentzian L /\M’\ _J/\\

Intensity (normalized)

lines. The FWHM of the B m; increase from 1.0 cm' for 165 170 175 180 185 190 195 340 345 350 355 360 365 370
pure D, t0 2.9 cmi ! and 2.5 cm* with 12% H,. There was Raman Shift (cm”)
little observed change in the splitting of they in; compo- FIG. 3. The rotational lineshape for,Oleft) and H; (right) as

nents between the 0%,Hand 12% H samples. The B Hp js added to the Kand D, mixture. The structure remains broad,
S(0) line was again fit to the sum of three Lorentzian linespuyt the triplet structure re-emerges. The percent oHB-D, is
for 23% H,, even though the individual lines could not be (bottom to top 65-0-35, 55-11-34, 51-18-31, 45-27-28, 44-35-21,
resolved, in order to obtain approximate positions and6-38-16, and 29-51-20.
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Intensity (normalized}

245 250 255 260 265 270 275 280 285
Raman shift cm™)

FIG. 4. The HD g(0) line for pure HD (solid) and the
H,-HD-D, mixtures 45-27-2&dashegl and 29-51-2Qdotted. The
linewidth is increased in the mixtures.

B. Sy(1) in D-T

The (1) transition in D-T was measured fop,@nd T,.
The $(1) line is at energy 202.5 cnt for T, with a FWHM
of 7.5 cm L. The $(1) line of D, is at 299.3 cm! and has

PHYSICAL REVIEW B67, 174101 (2003

HD Raman Shift {cm™)
204 1244 269 294

0.1}

Intensity (normalized)

- 0.01 Uiz
125 150 175 125 150 175

DT Raman Shift {cm™)

FIG. 5. The g(0) lines for HD (dashedl and DT (solid) over-
layed. The left shows pure HD with no=J 1 molecules and DT in
D-T with c(l)T2=55% andc(l)D2=30%. The right shows HD in
H-D and DT in D-T withc(1),<5%.

was composed of threm; components that were each well
fit by a Lorentzian line shape. Hence, they concluded that the
width of the HD line was due to lifetime broadening. In
contrast, HD in H-D and DT in D-T are both fit better by the

a FWHM of 6.4 cm 1. No change in energy was observed sum of three Gaussian lines, suggesting that the broadening

with decreasing:(l)Dz and c(l)Tz. However, the I Sy(1)

becomes narrower with decreasio@l), with low intensity
wings on each side of the main peak. Thg19 lines were
not measured in the H-D samples because of the lew1]
population in those samples.

C. $(0) transitions of heteronuclear molecules

Figures 1 and 4 show the DT and HIQ(8) lines in their

in the mixtures is due to the inhomogeneous crystalline en-
vironment.

D. Rotational line shape discussion

The matrix of the mixtures differs from the single com-
ponent case in three ways that alter thg09 transitions.
First, each isotope has a different rotational energy due to
their differing masses. Second, the interaction potential var-

respective mixtures. There is a qualitative similarity betweeri€s slightly with the isotope. Finally, the lattice is distorted
the two isotopes. Both are broad, symmetric transitions, nofom the ideal hcp structure by the different sized molecular
too different from previous measurements of pure Compowave functions. The fOllOWing discussion assumes Only mol-
nent HD. Neither HD nor DT have the strong line shapeecules in thev=0 vibrational state on a rigid lattice.
changes observed for the homonuclear molecules in the mix- The J= 2 excitation of a [; molecule cannot hop to a

tures. Instead, only subtle differences were noticed.
The energies and FWHM values of the D§(8) line as

c(l)D2 and c(l)T2 decrease are listed in Table Il. The

FWHM increases slightly and the peak intensity shifts to
higher energy as(l)T2 and c(l)D2 increase. Similarly, the

neighboring H molecule because the two have different ro-
tational energies. Thus, the allowed rotational band states
due to the EQQ interaction in a mixed hydrogen lattice are
not the same as the single component case. New rotational
states are accessible in the mixed lattice, and this broadens
the $(0) transition. The crystal field terms of E¢l) are

HD $,(0) line is broadened and shifted to higher energy forg;mjary altered, most notably for the distorted hcp lattice.
HD in the H-D mixture compared to pure HD. Indeed, Fig. 5\yjje the small numbers of rotons in the lattice at any given

shows that the §0) lines of HD in H-D and DT in D-T are

time do not interact with each other, they each sample a

very nearly identical for comparable isotope ratios andyigterent local lattice configuration. Hence, the measured

c(1)<5%. McTagueet al3* determined the HD §0) line

TABLE Il. Position and linewidth information of the DT 80)

line for the D-T mixture. The linewidth decreases with decreasing

c(1) of D, and T,.

Time after Temp. % F 1 Max  Center FWHM
cooling(hours  (K) (D, T,) (cm™Y) (ecm™ %) (cm™Y)
0.75 11.0 (30,55 150.9 150.7 13.5
255 11.0 (16s5) 150.6 150.25 12.4
77.0 10.2 K4,<4) 150.0 150.0 12.6

S(0) line is an ensemble average of many different band
energies. Thus the fact that thg(8) triplet broadens in
mixtures of the hydrogens is not surprising. The origin of the
So(0) triplet for the low concentration homonuclear isotope
in H-D or D-T mixtures can also be explained in terms of the
altered band energies, as described below.

The calculation in Sec. | A was modified to humerically
model the mixed KD, matrix with varying H concentra-
tion. Only the EQQ hopping interaction was calculated for
the mixed lattice. In the model, Hand D, molecules are
randomly placed, based on the desired ddncentration, at
specific lattice sites of a perfect lattice. The EQQ coupling
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Intensity (normalized)
Fraction J=1
i

345 350 355 360 365 345 350 355 360 365
Raman shift (cm™)

0.01

0 2 4 6 8 10 12 14
Time (hours)

FIG. 6. Calculated spectrum for they(®) line of H, in an
H,-D, lattice for hcp(left) and fcc(right) lattice structures. The H
concentrations aréoottom to top 12%, 30%, 50%, 80%, 90%, and FIG. 7. Measured T (Xx) and D, (+) c(1) vs time at 8.1 K.
100%. The J= 1 concentrations for both isotopes decay exponentially. The

straight lines are least squares fits to the data.

strengthep, is dependent on the nearest neighbor distancepseryaple effect of radiation damage or free atoms on the
which was linearly interpolated from the pure B.605-Ato  (gions.

the pure H 3.789-A values based on the, ldoncentration.

The lattice sum in Eq(5) is taken only over lattice sites E. J = 1-to-0 conversion rates
Wh'Ch have the same isotope as the moleculg at t'he oM +he 3=1-t0-0 transition of H and D, molecules is a sec-
since the excitation cannot hop to molecules with difference

. . . ~ond order process in(1). Themagnetic dipole-dipoléand
SO(.O? energies. The energy glgenvalues are found by dlagoe'lectric guadrupole-quadrupole for Pidteraction of neigh-
nalizing the resulting matrix in Eq3). The eigenvalues are

) - boring J= 1 molecules flips the spin of one of the nucleons
then averaged for many randomly generated configurationgis, 5 simultaneous change in rotational state. The= J

to approximate the spectrum observed in a real crystal. Th¢_ 4.0 conversion in D-T was found to be dominated by the
resulting spectra for flare presented, with Dqualitatively  atoms created by the tritium radioactivity*?~**The diffu-
the same. The polarization dependence of the intensity wagion of atoms through the solid leads to a first order conver-
neglected so that we report only the allowed energy spesion rate in the D-T mixture. The very large electric field of
trum. The interactions were calculated only to moleculeshe atoms and electrons created by the triton beta decay and
within 5 nearest neighbors of the central molecule. Goingsubsequent ionization is responsible for the rapid conversion.
further did not significantly alter the results for the casesFurthermore, the difference in conversion rates foald T,
tested. was attributed to their different magnetic moment, consistent
The calculated b Sy(0) spectra for the hcp and fcc lat- with the theory. However, the NMR measurements were an
tices are shown in Fig. 6 for severa} ldoncentrations. Con- indirect measure of the DJ = 1 populations in the sample.
centrations of less than about 5ot shown reduce to a The rotational Raman spectrum was used to obtain the rela-
single line with no energy shift from the free molecule valuetive number of molecules in each rotational state.
because there are, on average, no nearest neighbor pairs ofFigure 7 shows (1), for T, and D,, determined accord-
H, molecules. The hcp and fcey@®) lines are split into  ing to Eq.(2), as a function of time at 8.1 Kc(1), decays
nearly identical triplets at 12% Hconcentration. Theg%0)  exponentially in time for both isotopes, in agreement with
transition remains broad forjiless than 90%, finally recov- the hopping model, and in contradiction to the second order
ering the familiar hcp triplet and fcc doublet at 100%. Theprocess of natural conversion. Table IV shows the measured
calculated spectrum will be further broadened by the crystalime constants at a series of temperatures. The typical error is
field terms. While the calculation does not exactly match the-0.3 h for 7(T,) and 0.6 h for 7(D,). The average
experiment, it does reproduce the more striking featuresr(D,)/7(T,) ratio is 3.7 h for all measurements between 5
This indicates th¢2m) states are mixed in theD; lattice,  and 10 K, in close agreement with the expected ratio of 3.47
andm is no longer a good quantum number. Therefore, thebased on the Pand T, magnetic moment ratios.
individual components of the,Ttriplet in D-T and the B
triplet in H-D are not designated by;. Including crystal
field terms and distortions from the perfect lattice in the cal-
culation will further modify the spectra, tending to broaden
the transition, and will likely lead to the observed difference
betweenA; andA,.

TABLE IlIl. Position and linewidth information of the HD80)
line for mixtures of HD, H, and D.

Sample Temp. Max Center FWHM
H,-HD-D, (K) (em™1 (em™ (cm™Y

Thus, the &) triplet for hydrogen mixtures is not 1-98-1 8.2 269.1 269.1 9.4
unique to the hcp lattice, and the crystal structure of the D-T45-27-28 6.5 267.1 268.1 11.0
and H-D mixtures remains uncertain. Furthermore, the H-Dpg-51-20 7.8 267.0 268.4 11.9

and D-T mixtures are qualitatively similar, hence there is no
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24

Q1(0-Q(1) (cm™)

et

"0 10 20 30 40 50 60 70 0 5 10 15 20 25 30 35 40
c(1)1—2 (Percent) c(1)D2 {Percent)
2975 2980 2085 ; 2990 2995 FIG. 10. Energy differencAQ, for T, (left) and D, (right) in
Raman shift (cm") D-T as a function ofc(1). The separation decreases as=J1

decreases. The straight lines are linear least square fits to the data

FIG. 8. Q(1) (left) and Q(0) (right) of D, in D-T for c(1)p, described in the text

(bottom to top 30%, 19%, 10%<2%. The top spectrum is pure

D, with 4% J=1. The sample temperature was 8.0 K. N ) . . .
and T,, shown in Fig. 10. The straight lines in the figure are

IV. VIBRATIONAL LINES linear least squares fits to the data, with
The @Q(0) and Q(1) Raman transitions were recorded 0.84+ 0.013:(1)T2 T,
for the isotopes in the D-T and H-D mixtures. The instrument AQ,= _ (12)
resolution of~0.16 cm Y/pixel is much larger than the vi- ! 1.40+0.02%(1)o, D,

bron intrinsic FWHM of 0.002 cm® for c(1)=1.3% H,.*
Vapor and solid phased3;(J) lines withc(1)<1% served AQ; is smaller for §, than D, at a givenc(1),, consistent
to calibrate the spectrometer energies. Thus, the relative emvith the isotope change previously observed with @&nd
ergy shifts and differencd Q;=Q;(0)—Q;(1) are known H,.>3**°Figure 8 includes the QJ) lines in pure B with
more accurately than the absolute energies, especiallyfor H:(l)D ~4%, and shows that the ,DQ;(0) line is shifted
and T,. Q.(J) energies and intensities were obtained by fit- hlgher by 1.9 cmit in D-T with low c(1)p, than in pure B.
ting the measured lines to a Gaussian function. Similarly, AQ, is larger for D, in D-T than for pure D.
Corresponding shifts in the 0Q,(J) energies were found
A. Q;(J) energies in D-T and H-D mixtures as H, and D, were mixed as shown in Fig. 11:(1)[,2

Figures 8 and 9 show typical,and T, Q,(J) transitions ~ =4% andc(1),,=6% for each plot in Fig. 11. The {QJ)
in D-T. Q(0) is the higher energy line in each of the figures.energies are plotted in Fig. 12 as a function of @ncen-
¢(1)r, andc(1)p, were calculated using the time constantstration, where the mixture included HD for points with less
obtained in Table Ill. The T time constant is shorter than than 39% 0. The linear fits in Fig. 12 are
D,, thus the observed changes in the ®,(J) are not

strongly influenced by:(l)Dz, and vice versaAQ, is small Ql(o):2987-50-027bD2
for both D, and T, and in many cases at the limit of our (13
resolution.AQ, decreases with decreasiofl), for both D, Q1(1)=2985.8- O-Ol&Dz-

o SN

Intensity (normalized)

Intensity (arbitrary)

2450 2455 2460 2465 2470 2080 2982 2984 2986 2988 2990

Raman shift (cm™") Raman shift (cm™")
FIG. 9. Q(1) (left) and Q(O) (right) of T, in D-T for c(1)r, FIG. 11. The D vibrational spectrum as Hs mixed with D,.
(bottom to top 50%, 23%, 8%, 3%< 1%. The sample temperature The amount of His (bottom to top 0%, 12%, 31%, 45%, and 59%.
was 8.0 K. c(1)D2<5%.
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20875 —— The first term is the concentration ratio multiplied by the
enhancement factog in Eq. (11). Thus, the intensity ratio is
enhanced by more than a factor of two for bothdhd T, in
the D-T mixture. The fit does not pass through the origin for
T, which may indicate the calculated(1)r, is low
by 3-4%.

The second plot in Fig. 13 shows an exponential increase
of the intensity ratio with @ concentration in the H-D mix-
ture with c(l)D2=4%. The fit function is

2986.5

Raman Shift (cm™)
D]
o0
(4
w

29845 ¢

Q1(1)/Q;(0)=8.4x10 2 ex{c(0),/16.5].  (15)

29835 : : . : ' ; - ;
0B :j,cenf;’z 08 %00 These results show thatis slightly higher for 3 in D-T

than D, in H-D under equivalent conditions. Both mixtures
FIG. 12. The energy shift of the.DQ;(1) (®) and Q(0) (M) have ¢’s for D, which are much lower than is found in the

as H, and HD are added. pure component for a givery 1)02-

The fits do not depend on whether the mixture is+D, or
H,-HD-D,. Furthermore, the PQ;(J) lines in H-D are at C. Discussion

nearly the same energy for equivalen(tL)Dz and D, con- A common point in both D-T and H-D mixtures is when
centrations in D-T. Thus, the energy shift of R,(J) lines  they each have 30%andc(1)p,~5%. The B Qy(0) line
depends only on the Dconcentration and not on the com- i 1 5986 7 ¢t in both mixtures, while the 1) line is at

ponents of the mixture. 29852 cmil | 1 .
. . . .2 cm~= in D-T and 2985.35 cm- in H-D. Both lines
The H, lines were recorded with the addition of HD to the are shifted substantially from the pure, Dwith c(l)Dz

mixture. A small increase afQ,=4.66 cm * to 5.00 cm'*
was found when the Hconcentration decreased from 65% to =5% values of 0)=2984.8cm® and Q(1)

44%. The H Q;(1) line consisted of a doublet separated by =2983.7 cm®. It is important to note that the solid density
0.5 cm tin energy, previously attributed to clustering o£J  is lower (highey) for H-D (D-T) than D, at zero pressure and

1 molecules?® equivelent temperatures. Rather, the energy shift depends
only on the B concentration. The §0) shift with increas-
B. Q,(1)/Q4(0) intensity ratio in D-T and H-D ing impurity concentration is consistent with E4.0) where

Figure 13 shows the measured(®) to Q,(0) intensity c(q=0) is replaceo_l by the Q(ionc_entration. Theiplred.icted
ratio for two cases. The first shows the increase oiSh'Jt for D, Q,(0) is 1.6 Cr_r::l using Ge=2.2 cm with
Q,(1)/Q4(0) with c(1), for D, and T, in D-T. The fit func- 30% D,, close to the 1.9 cm found in the experiment. In

tions are contrast, Q(1) is not expected to shift appreciably with the
addition of H, and HD based on Eq10). The absolute BJ
c(1)T, = 1 concentration decreases from 4% to 1.2% wheniD
2-19m+0-28 T diluted to 30% of the sample. The initial sample with

¢(1)p.=4% would show an energy increase of 0.1 ¢m
2

Qu(1)/Q(0)= c(1p, using Eq.(10) instead, of the 1.05 cnt actually measured.
2-29m D> Clustering of J= 1 molecule® is one possible explana-
2 tion for the Q(1) line shift. However, the & 1 molecules
(14 in the initial sample had on average 0.5-J1 nearest neigh-
bors, and should be dominated by clusters of nunmbef
and 1. The energy difference of the=0 and 1 clusters
needs to be about 1 ¢m to explain the data, larger than the
0.4 cm ! found for H, (Ref. 38 and 0.2 cm? for D,.*°
Furthermore, a splitting of the required magnitude is not
found for D, in D-T for any c(l)D2 value. While clustering

f 1 0.1 likely exists, the individual components cannot be resolved

10

-
w

-

Q4(1)/Q4(0)

in the data.

The dependence onj,Dconcentration but not the other
isotopes suggests that reduced lattice symmetry is respon-
sible for the vibron energy shift. The vibrons cannot hop
between different isotopes, thus altering the band states of

FIG. 13. Ratio of the (1) to Q,(0) intensities. Leftis for §  the crystal and shifting the {QJ) lines®* This explanation is
vsc(1)r, (squaresand D, vsc(1)p, (open circlegin D-T. Right is supported by a comparison with liquid, DBhatnagaret al.

D, concentratior{solid circle$ of the H,-HD-D, mixture. The lines ~ found that the @(1) and Q(0) lines in liquid D, are higher
are fits to the data as described in the text. by 1.7 and 1.4 cm?', respectively, compared to the sofft.

o
o

o0&, . 1 0,01
0 15 30 45 6010 25 40 55 70 85 100
¢(1), in D-T (Percent) J=0D,inH-D (Percent)
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TABLE IV. Measured 1/e times for ;Tand D, J=1—0 in this TABLE V. Measured Q(0) and Q(1) line positions for H,
experiment. D,, and T,.
Temp. 7(T5) 7(Dy) 7(D5)/ 7(T,) Species Temp. @0) (1) AQ,
(K) (hours (hours K)  (emY) (emY) (ecm™b)
5.4 6.1 9.1 1.5 H, in 75 % J= 1 H, solid 8.2 41515 4142.8 8.7
5.4 1.5 5.3 35 44-35-21 H-HD-D, 7.2 4150.2 4145.2 5.0
5.8 1.7 5.9 35 65-0-35 H-HD-D, 8.5 4149.6 4145.0 4.6
6.0 2.8 9.1 3.2 D, in D, vapor<1% J1 25 29935
6.7 2.4 5.3 2.2 D, in 5% J= 1 D, solid 8 2984.8 2983.7 1.1
7.2 2.2 8.3 3.8 D, in <1% J= 1D, solid 12.7 2984.8 2984.1 0.7
7.2 2.4 6.8 2.8 D, in 30% J= 1 D-T solid 8 2986.9 2984.7 2.2
7.2 15 6.9 4.6 D, in J = 0 D-T solid 8 2986.7 2985.2 1.5
8.1 1.1 5.2 4.7 D,inJ=059% H 9.5 2986.6 2985.4 1.2
8.2 1.9 6.1 3.2 D,inJ=031%H 8 2985.4 2984.8 0.6
8.6 7.5 D,inJ=012% H 9 2984.9 2984.3 0.6
8.7 1.5 7.3 4.9 T, in 50% J= 1 D-T solid 8 2460.5 2458.9 1.6
9.3 2.0 8.8 4.4 T, in J= 0 D-T solid 8 2460.0 2459.2 0.8
9.6 2.2 6.2 2.8
9.6 1.9 78 4.1 defined spatial symmetry of the hcp lattice is lost and the
102 L1 7.6 6.9 S,(0) m; states are broadened into a continuous band. Thus,
10.2 18 8.8 4.9 the hcp and fcc lattices cannot be distinguished in mixtures
10.2 5.8 using the Raman spectra, as can be done with pure compo-
108 11 155 14 nents. The vibron localization in mixtures increases the
11.3 3.3 22 6.6 Qi(J) energy in the solid mixtures by nearly the same
11.7 5.3 30 5.7 amount observed in the pure-component liquid. Similarily,

the Q(1)/Q,(0) intensity enhancement for a given isotope
. I . ) is reduced in the mixtures compared to the pure component.
The magnitude of the shift is consistent with our measure- D, was common to all mixtures studied and showed that
ment, even though their data was ﬁ:(ﬂ)DZZZO%' the $(0) and Q(J) spectra were nearly identical in H-D
The coupling of the J= 1 and 0 vibrons leads to the and D-T with similar B and J= 1 concentrations. The spec-
enhanced 1)/Q,(0) ratio in the hydrogens, as discussedtra depend only on the [Dconcentration, not the other com-
in Sec. | B, compared to the(1)/c(0) ratio. £ is less in the  ponents of the mixture. Finally, neither the($) nor the
D-T and H-D mixtures than in the pure components. Theg, (J) lines appear to be effected by radiation damage in our
coupling between different isotopes is very weak because qb-T sample. The D-T lines are qualitatively similar to the
the very large energy difference between their vibrational.p lines, and appear to depend on the mixture concentra-
states:**°Thus, ¢ is reduced in mixtures because the theretion, but not the actual impurity molecules in the mixture.
are fewer neighboring molecules with strong couplisge  The only radiation effect was the previously observed en-
Tables IV and V. hanced J= 1-to-0 conversion rate.
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